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Abstract
Purpose: The aim was to describe early and a few recent methods to evaluate masticatory function in patients before and after implant treatment.
Study selection: Three Swedish doctoral theses from the early era of osseointegration and a recent Swedish doctoral thesis studying oral function
in implant patients are reviewed. Furthermore, a PubMed search was conducted to identify studies published during the last 3 years related to
masticatory function in implant patients.
Results: The first studies used questionnaires and methods for assessing bite force and chewing efficiency before and after implant treatment.
Subsequent studies included methods evaluating dietary selection, psychological problems, occlusal perception, oral stereognosis, oral motor
ability and phonetics. The results demonstrated overwhelming improvement, both subjectively and objectively, of oral functions, and in the
patients’ lives, after implant treatment. The methods employed appear to have been adequate and they have continued to be utilized, only slightly
modified, in a number of subsequent and recent studies. New methods using custom-made equipment to monitor changes in bite force, jaw
movements and muscle activity during various tasks demonstrated the important role of periodontal mechanoreceptors in biting and chewing.
These methods promise to be valuable in ongoing and future prosthodontic research.
Conclusions: The early methods used for assessment of masticatory function appear to have been adequate and they have, with only slight
modifications, continued to be utilized. New methods monitoring bite force, jaw movements and muscle activity have deepened the knowledge of
masticatory functions and promise to be valuable in future prosthodontic research.
# 2011 Japan Prosthodontic Society. Published by Elsevier Ireland. 
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Osseointegrated dental implants have revolutionized the
traditional prosthodontic treatments and have become a routine
alternative in many centers. However, the history of implant
osseointegration is relatively short compared to the long
tradition of various strategies used for tooth replacement. In
Gothenburg, Sweden, professor Per-Ingvar Bra˚nemark treated
the first edentulous patient in 1965 after several years of
experimental animal studies. On a small scale the Bra˚nemark
group continued the treatment of totally and partially
edentulous patients in the Gothenburg area, and in 1977 the
10-year experience of the pioneer work was published [1]. It
aroused great interest in the Scandinavian dental community
but was hardly observed in other countries, as it was before the
era of Internet programs for literature search. At any rate, it was
not mentioned at a big implant conference in the USA in 1979
where no dental implant system was considered acceptable [2].
A few years later, in 1982, the university of Toronto arranged in
collaboration with the university of Gothenburg what in implant
dentistry has been known as the Toronto conference [3,4]. The
unique clinical potential of the osseointegration concept was
presented to ‘‘North America’s leading academic oral and
maxillofacial surgeons and prosthodontists, who came to
criticize but stayed to pay tribute’’ [5]. The enormous
development of implant treatment and the demonstration of
its potentials have thereafter been exhibited in numerous
presentations in scientific journals, at international dental
conferences, and in books [5,6]. In fact, papers related to dental
implants have been the fastest growing part of the prosthodontic
literature during the last few decades [7].
The main purpose of this paper was to present some early
methods used to evaluate various functions of the masticatory
system in implant patients. It will be done by portraying three
doctoral theses from the first period after the osseointegration
method was launched. Torgny Haraldson, Lars W Lindquist and
Sture Lundqvist investigated oral functions with a variety of
methods in patients treated with the Bra˚nemark implant system
[8–10].
A second aim was to give a perspective of the early methods
by reviewing recent studies on assessment of oral function in
implant patients including a recent Swedish doctoral thesis by
Krister Svensson [11].
2. Masticatory and other oral functions in implant
patients
2.1. Early methods
There was, also in Sweden, a great suspiciousness among
academicians against dental implants and several colleagues
threw suspicions upon Professor Bra˚nemark when he first
presented his osseointegration treatment concept during the
1970s [1]. The suspicions were based on the poor results of
early implant systems, verified at the 1979 Harvard implant
conference at which Bra˚nemark’s work was not even discussed
[2]. However, in Sweden the outcome of treatment with theBra˚nemark system seemed so promising that the Swedish
National Board of Health and Welfare in 1975 appointed three
independent professors from the university of Umea˚, a
prosthodontist (Bo Bergman), a periodontist (Axel Bergen-
holtz) and an oral radiologist (Max Lundberg) to examine a
randomly selected group of treated patients. It was found that
most of the examined patients were very satisfied with the
treatment regarding comfort, chewing efficiency and esthetics.
The experts judged the osseointegration method to provide a
successful implantation clinically and radiographically but had
some criticism of the prosthetic design. As a result of the expert
evaluation the Swedish National Board of Health and Welfare
decided to approve treatment with osseointegrated implants as a
legitimate method, provided that only teams of specialists
would use the method [12]. The hesitation against dental
implants began to abate after the mainly positive formal report.
Training courses were established by the Bra˚nemark group for
specialists in prosthodontics and maxillofacial surgery. From
all over the world came dentists to Gothenburg for participation
in the implant training programs. Clinical research related to
implants was started in several departments of the university
and soon spread internationally. The following enormous
clinical and scientific development of implant treatment is now
well documented, as for example in two books published 26 and
27 years after the Toronto conference [5,6].
In the first part of the following text, the methods used and
results presented in three theses from the early period of
osseointegration are reviewed.
2.1.1. Torgny Haraldson’s thesis
The experts of the Swedish National Board of Health and
Welfare examined clinically and radiographically a random
group of patients treated according to the Bra˚nemark concept.
The patients accepted that the examination was extended with
assessments of some oral functions such as bite force and
chewing efficiency. The reports of the methods used and the
results found were the first papers listed in PubMed on oral
functions in patients treated with osseointegrated dental
implants [13,14]. Torgny Haraldson was a postgraduate student
of Bra˚nemark and myself, and these early studies became a part
of his thesis focusing on functional aspects of rehabilitation
using dental implants [8].
Haraldson’s thesis consisted of six separate studies that hade
been published or were under publication in peer-reviewed
scientific journals plus a summary and discussion of the studies
[13–18]. This was the normal format of a Swedish doctoral
thesis in dentistry at that time. The first paper was a photoelastic
study trying to assess some biomechanical factors affecting the
anchorage of osseointegrated implants in the jaw [15], whereas
the other five papers were clinical studies performed in patients
treated according to the Bra˚nemark system with fixed implant-
supported dental prostheses (FISPs). Haraldson used the term
osseointegrated oral implant bridges (OIBs) for these restora-
tions.
The interest for studying various functions of the
masticatory system increased during the 1960s and 1970s
[19–25], and has thereafter continued with more and more
Fig. 1. Bite force in N. Individual values on two force levels from 19 subjects
with fixed implant-supported prostheses in one or both jaws.
From [13] with permission.
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conducted at the department of Stomatognathic Physiology,
methods used there were applied for evaluation of various
aspects of mastication such as bite force, chewing efficiency,
and electromyographic (EMG) assessment of muscle functions.
Bite force was recorded with an apparatus using strain gage
transducers mounted on a bite fork [23,24]. Chewing efficiency
was estimated utilizing almonds as test food and a sieve-system
[25]. Besides these objective methods the patients were asked
questions regarding their masticatory function before and after
implant treatment.
From the questionnaire part it was noted that all 19 patients
considered the implant restorations/FISPs stable but 3/19 said
that they did not dare to bite hard food with the front teeth.
Approximately half of the patients had now or previously
experienced difficulties in speaking [13].
The bite force measurements indicated that the patients had
no difficulties to discriminate between different force levels.
The mean maximal bite force varied between 42 N and 412 N
with a mean of 144 N, which was considerably higher than for
complete denture wearers measured with the same apparatus
(Fig. 1). The chewing efficiency tests demonstrated similar
results of masticatory function for the implant patients and a
control group of subjects with natural teeth with the same
extension of the dentition as the implant group (i.e. a
moderately shortened dental arch) [14].
The EMG studies, performed according to methods utilized
at that time [19,26], showed that the implant patients had a
masticatory muscle function similar to the control group
[16,17]. The EMG studies further demonstrated that the jaw
jerk and silent period were similar in subjects with natural teeth
and in the implant patients regardless if they had implant
restorations in both jaws or only in one jaw and a complete
denture in the other. This led to the conclusion that periodontal
or mucous membrane receptors cannot be solely responsible for
the silent period phenomenon [18].The final conclusion of Haraldson’s thesis was that patients
treated with fixed implant-supported prostheses had been
restored to a masticatory functional capacity equal to that in
individuals with a natural but reduced dentition, corresponding
to the slightly shortened dental arch of the first generation
Bra˚nemark implant restorations [8].
In a workshop in London in 1999 dedicated to the memory of
Torgny Haraldson and Richard Skalak, who both had recently
passed away, Haraldson was given credit for the first
observations that led to developing the concept of osseopercep-
tion [27]. Osseoperception has been defined as the mechano-
sensibility associated with osseointegrated implant rehabilita-
tion. It has attracted much attention in oral physiology studies
over the years [27–29] as well as in the conference at which this
paper was originally presented.
2.1.2. Lars Lindquist’s thesis
Lindquist’s thesis focused on longitudinal follow-up of
prosthetic rehabilitation of the edentulous mandible [9]. This
thesis consisted also of six separate studies plus a summary and
discussion of the studies [30–35]. Besides functional tests of
bite force and chewing efficiency and questions on chewing
ability as used in Haraldson’s thesis, studies on periimplant
bone changes, dietary selection and psychological reactions
were included.
The first study of 49 maladaptive complete denture patients
revealed that only small and non-significant changes of bite
force and chewing efficiency occurred after treatment with new
or optimized complete dentures. Only one patient decided to
withdraw because her new dentures turned out to function to her
satisfaction. It was emphasized that the relatively poor outcome
of the prosthetic treatment should be interpreted with respect to
the fact that the patients were waiting for implant treatment to
solve their denture problems. A longer adaptation period (6
compared to 2 months) did not lead to better functional results.
This finding did not support the recommendation considered
valid at that time to have an observation period of 1 year after
optimizing the dentures of maladaptive complete denture
wearers hoping for implant treatment [30].
Providing the dissatisfied complete denture wearers with a
fixed implant-supported prosthesis in the mandible improved
chewing ability, chewing efficiency and bite force as well as
‘‘oral well-being’’. These improvements increased with time
(Figs. 2 and 3) after the insertion of the implant restoration
[31,32]. It was also demonstrated that the implant treatment
positively affected the patients’ psychosocial situation [34].
Despite these favorable functional results, the implant
treatment did not lead to significant changes in dietary
selection and dietary habits. It was concluded that dietary
changes probably require professional and individually given
dietary advice by a trained dietician [35]. A similar study
published 20 years later corroborated these results but without
mentioning the first paper [36].
Analyses of radiographic measurements showed that oral
hygiene and parafunctional activity influenced the rate of
periimplant bone loss over a 3-year period [33]. In this context
it must be mentioned that at the 10- and 15-year follow-up of
Fig. 2. Bite force in N. Means of measurements in 24 edentulous subjects at 3
force levels on 4 occasions: I = with old dentures; II = after optimization of old
dentures; III = 2 months and IV = 3 years after treatment with mandibular fixed
implant-supported prostheses.
From [31] with permission.
Fig. 3. Total time in s for chewing and swallowing the test food (means and SD)
in 24 edentulous subjects on 4 occasions: I = with old dentures; II = after
optimization of old dentures; III = 2 months and IV = 3 years after treatment
with mandibular fixed implant-supported prostheses.
From [31] with permission.
Fig. 4. Bone loss (means in mm) around implants in 25 edentulous patients with respect to location of implants and time after treatment with mandibular fixed
implant-supported prostheses. R3 and L3 are the most distal implants on the right and left side, R1 and L1 are the centrally located implants.
From [38] with permission.
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the analysis, smoking became the most important factor
associated with periimplant bone loss [37,38]. Contrary to
biomechanical calculations, the cantilever extensions of the
mandibular implant restorations did not cause increased bone
loss around the most distal implants [33]. In fact, the distal
implants exhibited less bone loss than the anterior implants, a
finding, which could be observed already 1 year after insertion
of the mandibular FISP (Fig. 4). This relationship was
maintained over a 20-year period in this patient group [39].
Based on the combined results of the studies included in
Lindquist’s thesis, it was suggested that when the dramatic
improvement of oral function and the psychosocial benefits are
considered, the overall cost-benefit ratio of treatment with
FISPs seems to be very favorable [9].2.1.3. Sture Lundqvist’s thesis
With the focus on implant treatment in the edentulous maxilla,
Lundquist included, besides bite force and chewing efficiency as
described above, assessments of occlusal tactile sensibility, oral
stereognosis, oral motor ability and phonetics [10]. Also this
thesis comprised a summary and 6 studies [40–45].
Occlusal thickness perception was measured by placing foils
of different thickness between the test person’s teeth [41]. In the
oral stereognosis test the subjects were instructed to identify 12
test pieces of different shapes by manipulating them in the
mouth. The oral motor test was composed of attempts to put
together two test-pieces intraorally. Four different test pieces,
sized 4 mm 4 mm with different levels of difficulty, were
used. Identification and assembling times were measured [42].
The phonetic studies consisted of perceptual analyses of the
Fig. 5. Occlusal perception of thickness. Mean percentages of correct answers
to different thickness of test foil in 5 groups, each consisting of 10 subjects.
From [41] with permission.
Fig. 6. (A) Apparatus used to record forces exerted on a peanut during hold-
and-split tasks. (B) Example of a single trial force profile recorded from 1st
molars during the hold-and-split task (upper trace). The lower trace illustrates
the force rate.
From [47] with permission.
G.E. Carlsson / Journal of Prosthodontic Research 56 (2012) 3–10 7patients’ speech before and after implant treatment performed
by both speech pathologists and a non-expert group [43,44].
Furthermore, electropalatographic and optoelectronic analyses
of [s] production were performed [45].
The maximal bite force increased up to 3–4 times and
chewing efficiency improved substantially during a 3-year
period after treatment with a maxillary FISP [40].
The occlusal tactile sensibility increased rapidly after
treatment with a maxillary FISP and stabilized on a constant
level. In patients with FISPs in both jaws or with such a
restoration in one and natural teeth in the opposite jaw the
occlusal tactile sensibility approached the values for individuals
with natural teeth in both jaws (Fig. 5) [41].
Both oral stereognosis and oral motor ability improved after
treatment with a maxillary FISP [42]. It had previously been
shown that the best results of these tests occurred when subjects
utilized their teeth for the identification. The improvement after
implant treatment could most probably be attributed to the
stability of the implant supported new teeth leading to better
oral motor and sensory function [10].
Speech deteriorated during the first time up to 6 months after
the FISP treatment in the maxilla but had improved at the 3-year
follow-up to approximately the same quality as before treatment.
After the initial phonetic problems, 92% of the patients
considered themselves free from speech problems at the 3-year
follow-up [43,44]. The [s] sound was often deteriorated to a
lisping sound in connection with the treatment with a FISP.
Difficulties in pronouncing [s] were associated with low bite
force, small number of occluding tooth contacts and palpation
tenderness of masticatory muscles, but not to the size of the
interdental spaces in the prosthesis. It was concluded that speech
rehabilitation requires a rather long adaptation period to a new
maxillary fixed implant restoration. Of interest was also the
finding that oral functional mechanisms contribute significantly
to the [s] sound production [45].
2.2. Recent methods
The next part of the text will review recent studies on
masticatory function in implant patients. First a Swedish
doctoral thesis from 2010 is presented.2.2.1. Krister Svensson’s thesis
In his thesis, Krister Svensson has used modern and
sophisticated methods to study sensory-motor regulation of
human biting [11]. The general aim was to study the role played
by periodontal mechanoreceptors in regulation of jaw function
and how disease or dental treatment can influence masticatory
behavior. In this respect the influence of fixed dental prostheses
(FDPs) on natural teeth and on osseointegrated implants was of
specific prosthodontic interest. The thesis was based on five
studies, of which three were published [46–48] and the
remaining two were still in manuscript at the time of
presentation and defense of the dissertation (December 2010,
and still not published November 1, 2011). The experiments
comprised two motor behavioral tasks: a hold-and-split task
and a manipulation-and-split task. Custom-built apparatuses
were used to measure force in the hold-and-split task (Fig. 6).
The manipulation-and-split task used a complex device
designed to monitor jaw movements. In addition EMG signals
from the masseter muscles and sounds from the cracking of the
food morsel were recorded (Fig. 7). The test persons consisted
of several groups: (a) 11 subjects with advanced periodontitis
and a matched control group of periodontally healthy subjects;
(b) 20 subjects with healthy dentition performed the hold-and-
split task on different teeth from the central incisor to the first
molar. Four of them repeated the experiments after local
anesthesia to their teeth; (c) 15 subjects with healthy natural
dentition performed the hold-and-split task on the maxillary
right central incisor and its antagonist with two test foods
Fig. 7. (A) The custom-built device for simultaneous recording of jaw movements, EMG signals from masseter muscles, and sounds related to the cracking of the test
food. (B) Recordings made during the manipulation-and-split task in a subject with natural dentition.
From [11] with permission.
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subjects divided into three groups of 10: (1) fixed dental
prostheses (FDPs) on natural teeth in both jaws; (2) FISPs in
both jaws; (3) a matched control group with a healthy natural
dentition.
Subjects with loss of periodontal support had an almost three
times higher holding force than those with healthy teeth [46].
The holding force in subjects with healthy teeth increased
distally from the incisor (0.6 N) to the first molar (1.7 N).
During anesthesia, the holding force was approximately twice
that under normal conditions [47,48].
In subjects with FDPs on natural teeth and in those with
FISPs, the holding force was nearly twice, respectively
approximately 2.5 times, higher than in those with natural
dentition. The subjects with implants employed significantly
higher holding force for both test foods than those with FDPs on
natural teeth [11, paper IV].
There were no significant differences between the groups for
force required to split the morsels of the two test foods: range 9–
13 N for biscuits and 18–35 N for peanuts, nor for mandibular
movements during the manipulation-and-split task. There were
however some differences between the group with natural
dentition and the two FDP groups regarding the splitting
performance and the temporal aspects of the manipulation-and-
split task. The splitting of a piece of candy was closer to the
ideal in the natural dentition group than in the two
prosthetically treated groups, between which there was no
significant difference [11, paper V].
The two prosthodontically treated groups exhibited impaired
motor performance to a similar degree, compared to those with
a natural dentition, in spite of the fact that the subjects with
FDPs had, but those with FISPs in both jaws had no periodontal
mechanoreceptors. An attempt to explain this somewhat
surprising finding was that when all the abutment teeth are
mechanically joined together, the pattern of signaling from theperiodontal mechanoreceptors is impaired. The similar
performance in the implant patients lacking periodontal
mechanoreceptors might be explained by the phenomenon
called osseoperception, the receiving of sensory information to
the artificial teeth on implants from remote receptors in other
tissues through transmission of vibrations in the jawbone.
It was concluded that the results of this thesis demonstrated
the importance of sensory information provided by periodontal
mechanoreceptors for normal motor control of low bite force
levels, and regulation of bite force production when holding and
splitting food between the teeth. Reduced support and
anesthesia of periodontal tissue as well as mechanical
connection of FDP abutment teeth impair the regulation [11].
2.3. Other recent results on masticatory function in implant
patients
PubMed was searched for publications during the last
3 years for clinical trials in humans regarding masticatory and
oral functions in patients with implant restorations. Various
combinations of the search terms dental implants, masticatory
function, oral function, bite force, chewing efficiency, speech,
and EMG were used. Within the limitations of the search, three
studies were identified that corresponded to the early methods
evaluating oral function in patients with fixed implant-
supported prostheses. The first used EMG and concluded that
the implant group and a dentate control group largely showed
similar EMG patterns [49]. The second compared interocclusal
sensory perception [50]. Both methods and results were similar
to those presented in one of the early theses [10,41]. The third
investigated speech in patients treated with FISPs on multiple
zygomatic implants [51]. The results revealed initial speech
problems similar to those reported earlier [10,43,44].
The other relevant papers found were studies on implant
overdentures using methods such as questionnaires, bite force,
G.E. Carlsson / Journal of Prosthodontic Research 56 (2012) 3–10 9chewing efficiency, jaw tracking and dietary selection [36,52–
56]. The methods were the same or slightly modified whereas
the apparatuses were modernized compared to those used in the
very first studies reviewed above. The questionnaires included
besides simple questions the use of visual analog scales, VAS
[53–55]. Besides devices similar to those used in the first
studies reviewed above, bite force was in two studies measured
with pressure-sensitive sheets [54,56]. The results were in
general in agreement with those from the early studies.
3. Discussion
The early studies evaluating masticatory function in implant
patients were conducted with the aim to find methods to
objectify the great satisfaction expressed by the first patients
after treatment. Methods measuring bite force and chewing
efficiency that had been developed and used in oral and
stomatognathic physiology after the middle of the 20th century
were utilized. Besides these common methods to assess
masticatory function, several other methods were employed for
oral functions. The results corroborated the positive subjective
assessment with more objective results. Bite force, chewing
efficiency and several other oral functions improved substan-
tially after implant treatment. However, the implant treatment
did not solve all problems: dietary selection and phonetics were
not always improved. In spite of improved masticatory function
after treatment, the patients did not improve their diet [35]. This
finding was confirmed in a later study [36]. Another exception
was speech, which deteriorated during the first period after
insertion of a maxillary FISP, corresponding with patients’
reports and verified in a recent study [51].
The methods employed thus appear to have been adequate
for the aims of the early studies. They have continued to be
utilized in a number of subsequent studies. In the few recent
studies identified, similar methods were employed, only
slightly modified. One of the conclusions of an extensive
review of the great number of methods used for assessment of
masticatory function was: ‘‘implant treatment was shown to
have a significant positive effect on both bite force and
masticatory performance’’ [57]. This may also be taken as a
support for the adequacy of the methods employed in the early
theses reviewed above, as their conclusions are almost identical
with that of the recent review.
The new methods presented in the last two papers in the
recent thesis [11] (Figs. 6 and 7) were not found in the PubMed
search because they are still only available in the thesis. These
elegant and sophisticated methods have deepened the knowl-
edge of the fine-tuning mechanisms regulating the oral
sensorimotor functions in biting and chewing. They will most
probably be valuable in future prosthodontic research.
4. Conclusions
 The first studies related to masticatory function before and
after treatment with osseointegrated dental implants mainly
used methods for assessing bite force and chewing efficiency,
combined with questionnaires. Subsequent studies included methods to evaluate dietary
selection, psychological problems, occlusal perception, oral
stereognosis, oral motor ability and phonetics.
 According to both subjective and objective evaluation, the
results demonstrated overwhelming improvement of oral
functions and the patients’ lives after implant treatment.
 The methods employed appear to have been adequate and
they have continued to be utilized, only slightly modified, in a
number of subsequent and recent studies.
 Recent methods using custom-made equipment to monitor
changes in bite force, jaw movements and muscle activity
during various tasks have demonstrated the important role of
periodontal mechanoreceptors in biting and chewing. These
methods promise to be valuable in ongoing and future
prosthodontic research.
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